Introduction
Sulfur assimilation in plants is hallmarked by two reaction sequences, namely sulfate reduction and cysteine synthesis. The sulfate reduction pathway consists of three steps and produces sulfide from sulfate, which is available in the soil and transported into the roots by specific transporters (Takahashi et al., 2011) . Sulfide is subsequently incorporated into the amino acid O-acetylserine (OAS) by OAS-(thiol)lyase (OAS-TL, EC 2.5.1.47) to produce cysteine (Hell and Wirtz, 2011) .
Cysteine then serves as the sulfur source for all organic metabolites containing reduced sulfur in plants including proteins, co-factors and secondary metabolites. The tripeptide glutathione (GSH) is one of the most important cysteine-derived metabolites, since it has an important function in redox homeostasis and control of development (Meyer and Rausch, 2008) . Impaired GSH synthesis negatively affects growth of the shoot and root system of Arabidopsis thaliana (Vernoux et al., 2000; Xiang et al., 2001 ) and loss-of-function mutants for the first (GSH1, glutamate-cysteine ligase, EC 6.3.2.2) or the second enzyme (GSH2, glutathione synthase, EC 6.3.2.3) of the two-step pathway leading to GSH formation show an embryo-and seedling-lethal phenotype, respectively (Cairns et al., 2006; Pasternak et al., 2008) .
Cysteine synthesis by OAS-TL constitutes the direct link between carbon and nitrogen (OAS) as well as sulfur (sulfide) metabolism and can therefore be designated as one of the central reactions in plant primary metabolism. The genome of the model plant Arabidopsis encodes nine OAS-TLlike enzymes: OAS-TL A1 (At4g14880), OAS-TL B (At2g43750) and OAS-TL C (At3g59760) are the major isoforms and are localized in the cytosol, plastids and mitochondria, respectively (Jost et al., 2000) . OAS-TL A2 (At3g22460) encodes a truncated and non-functional protein (Jost et al., 2000) . In the following, OAS-TL A1 is therefore referred to as OAS-TL A. CYS D1 (At3g04940) and CYS D2 (At5g28020) show OAS-TL activity in vitro (Yamaguchi et al., 2000) .
Whether they contribute to net cysteine synthesis in vivo is unknown (Heeg et al., 2008) . CS26 (At3g03630) encodes a plastidic S-sulfocysteine synthase, which prefers thiosulfate instead of sulfide as substrate and produces S-sulfocysteine (Bermudez et al., 2010) . Whether thiosulfate is taken up from the soil or formed within the plant is unclear, but its presence in Arabidopsis was demonstrated (Tsakraklides et al., 2002) . However, synthesis of S-sulfocysteine from thiosulfate potentially constitutes an alternative sulfur fixation pathway. So far, CS26 was shown to be important for regulation of redox homeostasis in plastids under certain stress conditions (Bermudez et al., 2010) . DES1 (At5g28030, formerly known as CS-LIKE) is a cysteine 7 Despite its central position in primary metabolism of higher plants, fundamental questions about cysteine synthesis are still unanswered. First, the contribution of OAS-TL-like proteins, especially CYS D1, CYS D2 and CS26, to fixation of sulfur in planta is unknown. Second, the significance of cysteine synthesis by the major OAS-TL proteins in the different subcellular compartments during sporophyte and gametophyte development is unclear. In this study we addressed these questions using a reverse genetic approach. We were able to prove that fixation of sulfur is carried out exclusively by the major OAS-TL isoforms OAS-TL A, OAS-TL B and OAS-TL C and elucidated specific functions for OAS-TL A in the cytosol and OAS-TL C in mitochondria of leaf cells. Furthermore, we demonstrate that cysteine can be supplied by the mother plant for the development of female gametophytes lacking OAS-TL activity. In contrast, the presence of at least one functional OAS-TL isoform is essential in the male gametophyte.
Results

Generation and characterization of oastl double mutants
Loss of a single OAS-TL isoform in the Arabidopsis thaliana T-DNA insertion mutants oastlA, oastlB and oastlC did not cause lethality of the plants (Heeg et al., 2008; Watanabe et al., 2008a) , which indicates redundancy between the different isoforms. However, the oastlC mutant displayed a minor but significant growth retardation (Heeg et al., 2008) , suggesting a specific function of OAS-TL C in mitochondria. To further analyze the relevance of OAS-TL activities in different subcellular compartments, the oastl single mutants were crossed to generate the double mutants oastlBC A +/+ , oastlAC B +/+ and oastlAB C +/+ , leaving only one major OAS-TL, either in the cytosol, in the plastids or in mitochondria, respectively.
Immunological detection confirmed the absence of the respective OAS-TL isoforms in all oastl double mutants compared to wildtype (Fig. 1A) . However, extractable OAS-TL activity was not altered in the oastlBC A +/+ mutant compared to wildtype (Fig. 1B) . In contrast, OAS-TL activities were decreased to 30 % and 3 % in the oastlAC B +/+ and oastlAB C +/+ mutants, respectively (Fig.   1B ). In none of the oastl double mutants the abundance of the remaining OAS-TL isoform was altered, as observed by relative quantification of the immunological signals (Fig. 1A) . The rosette morphology of the oastl double mutants was comparable to the wildtype (Fig. 1C) . However, oastlAC B +/+ and oastlAB C8 1D). The fresh weight of six-and eight-week-old oastlAC B +/+ mutants was decreased by 30 % compared to wildtype, whereas no significant difference was observed for four-week-old plants.
In contrast, shoot biomass of four-week-old oastlAB C +/+ mutants was already decreased by 45 % and the fresh weight did not reach more than 74 % after eight weeks compared to wildtype.
To determine the relevance of OAS-TL proteins in different subcellular compartments for cysteine synthesis in planta, flux of sulfur and the carbon/nitrogen containing backbone, OAS, into thiols was investigated in leaves of the oastl double mutants. As an indicator for reduction of sulfur in planta, incorporation of sulfur into thiols was determined by feeding of leaves with 35 Slabeled sulfate (Fig. 2) . Incorporation of 35 S into cysteine within 45 minutes was 40 % lower in the oastlAC B +/+ mutant compared to wildtype ( Fig. 2A ) and the incorporation rate into GSH was only 50 % in both mutants lacking the cytosolic OAS-TL (oastlAC B +/+ and oastlAB C +/+ , Fig.   2B ). In contrast, flux of 35 S into thiols was not affected in the oastlBC A +/+ mutant compared to wildtype. Determination of steady-state levels of thiols, however, revealed a 1.6-fold increase for cysteine in the oastlBC A +/+ mutant (Fig. 3A) . Additionally, γ-glutamylcysteine (γEC), the intermediate metabolite in GSH synthesis, accumulated more than three-fold in the oastlBC A +/+ mutant ( Fig. 3B) , whereas the GSH concentration was not altered compared to wildtype (Fig.   3C ). Despite the decreased incorporation of 35 S into thiols in the oastlAC B +/+ mutant (Fig. 2) , the cysteine steady-state level remained unchanged (Fig. 3A) . However, GSH concentration was decreased to 70 % compared to wildtype (Fig. 3C ). Neither the concentration of cysteine nor GSH was altered in the oastlAB C +/+ mutant (Fig. 3A, C) .
In planta OAS synthesis and flux of the carbon backbone into thiols was investigated upon feeding of leaves with 3 H-labeled serine (Fig. 4 ). Incorporation rate of 3 H-serine into cysteine ( Fig. 4A ) and GSH ( Fig. 4B ) was about 50 % lower in the oastlAC B +/+ mutant compared to the wildtype. The same trend, although not statistically significant, was observed for the oastlBC A +/+ mutant (minus 20 %; Fig. 4A , B). In contrast, incorporation rate was not altered in the oastlAB C +/+ mutant, which possesses functional OAS-TL C and thus CSC in mitochondria (Fig. 4A, B ).
In agreement with the lowered incorporation from serine into cysteine, the OAS steady-state level was decreased to 30 and 24 % compared to wildtype in the oastlBC A +/+ and oastlAC B +/+ mutant, respectively (Fig. 4C ). In the oastlAB C +/+ mutant, the OAS steady-state level increased by factor 1.7 compared to wildtype (Fig. 4C) . The observed changes of flux and OAS steadystate levels did not correlate with a change in in vitro SAT activity (Fig. 4D) , determined in the presence of excess substrates. However, it was already shown that in vivo SAT activity is 9 regulated by reversible post-translational modulation in the cysteine synthase complex rather than adjustment of SAT amount (reviewed in Hell and Wirtz, 2011) .
Taken together, one can conclude from these results that 1) incorporation of sulfur into thiols but not thiol steady-state levels are decreased in mutants lacking cytosolic OAS-TL A; 2) lack of mitochondrial OAS-TL C diminishes incorporation of OAS into thiols without affecting thiol steady-state levels, 3) only the absence of both OAS-TL A and OAS-TL C results in a decreased incorporation of sulfur and the carbon/nitrogen backbone into thiols, which causes also lower thiol steady-state levels. (Fig. 5A ). The mutants were named oastlBC A +/-, oastlAC B +/-and oastlAB C +/-, respectively, and all three mutants together are referred to as oastl triple collection. The offspring of the oastl triple collection grown on soil was screened for homozygous oastlABC triple mutants but neither in T3 nor T4 generation such a mutant could be identified (n = 508). Furthermore, segregation of oastlBC A +/-and oastlAB C +/-was analyzed upon germination on solid growth medium (Tab. 1). The germination rate of the seeds from both mutants (97 and 92 %, respectively) was similar to the germination rate of wildtype seeds (93 %). Determination of the seedling genotypes by PCR revealed no oastlABC triple mutant (n = 309 and 132, respectively).
Generation of the oastl triple collection
In both cases approximately half of the seedlings (57 and 65 %, respectively) were homozygous for the respective wildtype allele whereas the remaining seedlings were heterozygous (Tab. 1).
This segregation pattern can only be explained by a gameto-lethal phenotype of the oastlABC triple mutant. Fig. 1 ) and the length of the siliques was decreased to 49 and 42 %, respectively ( Fig. 5 B, C) . In addition, the number of fully developed seeds per silique was decreased by more than 85 % in these mutants, resulting in almost no seed yield (Fig. 5D ). In the oastlAB C +/-mutant the silique length was also slightly decreased by 13 % (Fig. 5C ) which correlated with a lower number of fully developed seeds (38 % of wildtype; Fig. 5D ). In the remaining mutants silique length and number of fully developed seeds were comparable to the wildtype (Fig. 5) . No significant differences could be observed regarding the number of ovules and aborted seeds per silique in any of the investigated mutants compared to wildtype (Suppl. Fig. 2A , B), demonstrating that a substantial amount of ovules in the siliques of the oastlAC B +/+ , oastlAC B +/-and oastlAB C +/-mutants were unfertilized (Suppl. Fig. 2C ). The absence of aborted seeds excluded embryo-lethality caused by the oastlABC triple mutation, which is in agreement with the observed germination rate (Tab. 1). suggesting an important function on cysteine in the pollen (Suppl. Fig. 4 ).
Analysis of pollen viability and functionality in oastl mutants
Alexander viability staining of the pollen from the oastl double mutants and the mutants from the oastl triple collection did not reveal differences compared to pollen from wildtype (Suppl. Fig. 5 ).
However, this staining method only provides information about the presence of cytoplasm and does not allow any conclusion regarding functionality of the pollen (Nepi and Franchi, 2000) .
Therefore, in vitro germination of the pollen was investigated (Suppl. Previous studies had revealed a beneficial impact of GSH on pollen germination in the pad2-1 mutant background, having only 20 % of wildtype GSH synthesis capacity in leaves left (Zechmann et al., 2011) . Indeed, application of GSH restored the germination rates of pollen 12 from all oastl mutants to wildtype level (Fig. 7, Suppl. Fig. 6 ). The germination rate of pollen from wildtype was not significantly affected by this treatment.
Verification of a gene dose effect in the oastl mutants
The oastlAB C +/-mutant showed differences regarding the silique phenotype and pollen functionality compared to the corresponding double mutant oastlAB C +/+ ( Fig 
Contribution of additional OAS-TL-like proteins to cysteine synthesis
Gameto-lethality of the oastlABC triple mutation proved that at least in pollen cysteine is exclusively provided by OAS-TL and loss of OAS-TL A, OAS-TL B and OAS-TL C together cannot be compensated by the remaining OAS-TL-like proteins. However, it cannot be ruled out that, during the vegetative growth, one of the OAS-TL-like proteins might provide sufficient cysteine for the survival of the plant. For that reason, transcript amounts of the OAS-TL-like genes in leaves were determined by qRT-PCR in the oastlAC B +/-mutant, which showed the strongest phenotype of all investigated mutants compared to wildtype. The transcript amount of CYS D1 and CYS D2 was not up-regulated in the mutant compared to wildtype (Suppl. Fig. 8 ),
suggesting that CYS D1 and CYS D2 did not compensate for the loss of the major OAS-TLs. This is in agreement with their, from a biochemical point of view, inefficiency for cysteine synthesis, although OAS-TL activity has been shown for both enzymes in vitro (Yamaguchi et al., 2000) . The amount of CS26 and DES1 transcript was also not changed, whereas the amount of CYS C1 transcript was increased by factor 1.5 compared to wildtype (Suppl. 
Discussion
Subcellular localization of OAS-TL proteins is more important for efficient cysteine synthesis than total cellular OAS-TL activity For a long time, the presence of OAS-TL in the cytosol, plastids and mitochondria of Arabidopsis thaliana cells was attributed to the necessity of cysteine production for protein synthesis in these compartments (Lunn et al., 1990) . Viability of Arabidopsis mutants lacking OAS-TL activity in one of the three compartments, however, proved a certain redundancy between the OAS-TL isoforms (Heeg et al., 2008; Watanabe et al., 2008a) . On the other hand, this study revealed significant differences in growth of the oastl double mutants, suggesting specific functions of the individual isoforms. Specifically the double mutants lacking cytosolic OAS-TL A were retarded in growth, which can be explained by a decreased incorporation of sulfur into thiols in these mutants. Hence, a predominant role of OAS-TL A regarding total net cysteine synthesis can be concluded, which is in agreement with previous observations (Heeg et al., 2008) and the relevance of OAS-TL A for those stress responses of the plant which depend on cysteine synthesis, e.g. cadmium stress response (Dominguez-Solis et al., 2001 ).
On the other hand, steady-state levels and flux of the carbon backbone OAS into thiols was decreased in mutants lacking mitochondrial OAS-TL C, namely oastlBC A +/+ and oastlAC B +/+ .
This supported the hypothesis that OAS-TL C is important for regulation of OAS synthesis by mitochondrial SAT3 and, in consequence, also cysteine synthesis (Haas et al., 2008; Heeg et al., 2008; Watanabe et al., 2008b) . Indeed, the export of OAS from mitochondria was shown to be dependent on SAT3 and OAS-TL C, demonstrating that the formation of the mitochondrial CSC significantly contributes to regulation of net OAS synthesis of the cell (Wirtz et al., 2012) .
Astonishingly, no specific function could be identified for OAS-TL B so far, although OAS-TL B contributed 30 % to total OAS-TL activity and is localized in the plastids, the compartment of sulfide formation (Hell and Wirtz, 2011) . However, it cannot be ruled out that OAS-TL B plays an important role under certain stress conditions, presumably those predominantly affecting the chloroplast (e.g. high light). Nevertheless, despite its almost negligible contribution to total cellular OAS-TL activity (≤ 5 %), mitochondrial OAS-TL C is far more important than plastidic 
Cysteine synthesis by the female gametophyte is dispensable
In principle, gameto-lethality caused by the lack of cysteine synthesis might affect the female, male or both gametophytes. However, the haploid oastlABC triple mutant ovules are functional, down gameto-lethality to the male gametophyte. Since cysteine is essential for translation and important for protein structure and function, it is required during development of the female gametophyte. Therefore, cysteine supply by the mother plant is the most likely explanation for the functionality of the oastlABC triple mutant ovules. The funiculus indeed provides a physical connection between the maternal tissue and the ovules and several amino acid transporters are expressed in funiculi and ovules of Arabidopsis (reviewed in Tegeder and Rentsch, 2010) . A significant contribution of amino acid transport to development and function of the female gametophyte becomes evident by the successful female gametogenesis of histidine, lysine or proline auxotrophic mutants (Song et al., 2004; Hudson et al., 2006; Muralla et al., 2007; Funck et al., 2012) . However, the embryo-lethal phenotype of mutants lacking histidine or lysine synthesis demonstrates that the developing sporophyte later relies on synthesis of these amino acids (Song et al., 2004; Hudson et al., 2006; Muralla et al., 2007) . The sources and requirements for amino acids during reproductive stages appear to be quite different, since lack of tryptophan synthesis causes a female-specific defect in transmission of the mutant phenotype, demonstrating that synthesis of tryptophan by the female gametophyte itself is essential (Niyogi et al., 1993) .
The presence of at least one functional OAS-TL isoform in the male gametophyte is essential for proper function of pollen
In contrast to the female gametophyte, the male gametophyte forms an independent unit which is released from the anthers of the sporophyte in form of the pollen grains. Nevertheless, expression of several amino acid transporters in the tapetum, the pollen and the pollen transmitting track of the pistil suggests transport of amino acids from the sporophyte to the male gametophyte when the pollen is associated with sporophytic tissues (reviewed in Tegeder and Rentsch, 2010) . In agreement with this, lack of histidine, lysine or tryptophan synthesis within the pollen does not affect pollen functionality (Niyogi et al., 1993; Song et al., 2004; Hudson et al., 2006; Muralla et al., 2007) . In surprising contrast, cysteine cannot be supplied by the mother plant in sufficient amounts to fulfill male gametophyte function and needs to be synthesized within the pollen itself, which was demonstrated by the dysfunctionality of the oastlABC triple mutant pollen. In agreement, in vitro OAS-TL activity was surprisingly high in germinating pollen of wildtype, even exceeding activity in rosette leaves, pointing to a high demand of cysteine synthesis in this tissue. In contrast to the oastlABC triple mutant pollen derived from the oastlBC A +/-mutant, germination of the oastlABC triple mutant pollen derived from mother plants without a functional OAS-TL A allele (oastlAC B +/-, oastlAB C +/-) was strongly reduced. Thus, the germination rate of the oastlABC triple mutant pollen depends on the presence of OAS-TL A activity in the mother plant, which determines the incorporation of sulfur into cysteine, the limiting precursor of GSH synthesis. The latter led us to suggest that the germination defect of pollen from the oastlAC B +/-and oastlAB C +/-mutants was caused by decreased GSH supply from the mother plant to the pollen. Indeed, germination of the oastlABC triple mutant pollen derived from both mutants could be restored by GSH application. These findings are corroborated by the prominent role of GSH for optimal germination, as shown by chemical inhibition of GSH synthesis in wildtype pollen (Zechmann et al., 2011 The prominent role of GSH for pollen germination could be explained by the manifold functions of GSH in the water stress response (reviewed in Chan et al., 2013) , since desiccation of the pollen grain during male gametogenesis is crucial for maximum maintenance of pollen viability and function (Twell, 2004) . In this respect it is noteworthy that proline, another key player of the water stress response (Yoshiba et al., 1997) , is the only amino acid known so far that needs to be synthesized within the pollen in addition to cysteine (Funck et al., 2012) . Thus, only amino acids with specialized functions, like cysteine and proline, have been evidenced so far to be essential for male gametophyte function, while synthesis of other proteinogenic amino acids, like histidine, lysine and tryptophan, is dispensable in pollen (Niyogi et al., 1993; Song et al., 2004; Hudson et al., 2006; Muralla et al., 2007) . 
Conclusions
Subcellular compartmentation of OAS-TL activity contributes to the complex regulation of net cellular cysteine synthesis and adjusts fluxes of sulfur and carbon into thiols. In this respect, the presence of OAS-TL C in the mitochondria is crucial for regulation of carbon flux, as regulation of OAS synthesis by CSC formation is primarily carried out in this subcellular compartment.
However, the bulk of plastid originated sulfide is incorporated into cysteine in the cytosol by OAS-TL A. For that reason, mitochondrial OAS-TL C and cytosolic OAS-TL A are more important for net cysteine synthesis than plastidic OAS-TL B, at least under under non-stressed conditions, irrespective of their relative contributions to total OAS-TL activity. However, a partial redundancy between the three isoforms ensures the survival of the plant, in case one or two subcellular compartments lack OAS-TL activity. Analysis of triple oastl loss-of-function pollen demonstrates that at least one functional OAS-TL isoform is required in pollen during elongated tube growth and/or fertilization. In contrast, GSH, which constitutes the storage compound for cysteine in vegetative tissues, is supplied to the pollen by the mother plant in significant amounts to promote pollen germination. Surprisingly, oastlABC triple mutant ovules are viable and can attract pollen for successful fertilization, which strongly indicates significant transport of cysteine or another reduced sulfur containing compound from the maternal tissue to the ovule.
Material and Methods
Plants
All experiments were performed using Arabidopsis thaliana (L.) Heynh., ecotype Columbia (Col-0). Non-transgenic plants referred to as wildtype (WT). Transgenic plants used in this study were generated using the T-DNA insertion mutants described in Heeg et al. (2008) .
Plant growth and conditions
Plants were grown on soil under short day conditions (day/night cycle 8.5/15.5 h, 50-60 % humidity, 70-100 µE m -2 s -1 , temperature day/night 22/18 °C) as described in Heeg et al. (2008) .
To induce bolting, eight-week-old plants were transferred to long day conditions (day/night cycle 14/10 h). For determination of incorporation rates, plants were grown hydroponically as 
Crossing of plants and analysis of siliques
To generate the oastl double mutants, the respective single mutants were crossed and the genotype of the F1 and F2 generation was determined by PCR. To generate the oastl triple collection, the oastl double mutants were crossed and the genotype of the filial generations was determined by PCR. To detect a female or male gameto-lethal phenotype, reciprocal crosses with the oastl triple collection and WT were performed two to three weeks after bolting using pollen from flowers which opened that day and pistills from still closed flowers. The silique phenotype was analyzed in ripe siliques shortly before abscission. At this stage embryos with normal and abnormal development can be distinguished from unfertilized ovules (Meinke, 1994) . To describe the silique phenotype, the length of the silique as well as the number of unfertilized ovules, aborted seeds and fully developed seeds per silique were determined. Classification of the seed phenotype was thereby done according to Meinke (1994) : small white fist-shaped structures were classified as unfertilized ovules, brown, small and sometimes shriveled structures as aborted seeds and whitish/greenish, shiny seeds as fully developed seeds. Silique preparation was performed using fine forceps (Dumont 3-4) and binocular (MZFLIII, Leica). For phenotypical characterization of the oastl triple collection, only siliques 5 to 10 cm underneath the top of the primary stem were used for analysis to ensure comparable developmental stages.
Pollen analysis
Pollen analysis was performed four to six weeks after bolting using five to ten flowers from five plants of each genotype. For pollen preparation stamina from flowers which opened at that day were removed from the rest of the flower using fine forceps (Dumont 3-4).
To test viability of the pollen, whole stamina were placed on a microscope slide and covered with
Alexander staining solution (Alexander, 1969) . The staining of the pollen was analyzed after heating followed by incubation at room temperature for 24 h using an inverse epifluorescence microscope (DM IRB attached to a DFC320 camera, Leica).
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To determine the in vitro germination rate, pollen were transferred on a microscope slide covered with germination medium with or without 1 mM glutathione (Zechmann et al., 2011) . The microscope slides were placed on a net positioned in a box filled with water to keep humidity high. Germination was monitored after incubation for 26 to 28 h at 20 °C in the dark. Images were taken of several randomly chosen areas using the epifluorescence microscope and camera mentioned above and the amount of germinated pollen (defined as appearance of pollen tube, irrespective of the tube length) was determined.
For quantification of OAS-TL activity in germinated pollen, pollen was released by vigorously vortexing a total of 280 flowers for 2 min in 14 pools, each supplemented with 1 ml germination medium (19.8 % (w/v) sucrose, 0.05 % (w/v) lactalbumin hydrolysate, 10 mM myo-inositol, 5 mM MES, 5 mM CaCl 2 , 1.5 mM H 3 BO 3 , 1 mM KCl, 0.8 mM MgSO 4 ; pH 5.8). After removal of flowers and tissue parts using forceps, pollen were harvested at 5000 x g for 6 min and pollen from seven tubes were pooled. After another centrifugation step, pollen were resuspended in 750 µl germination medium and transferred to a petri dish. The sealed petri dish was incubated overnight at 20-25 °C in the dark. Germinated pollen was harvested by centrifugation and resuspended in 130 µl protein extraction buffer (see section 'Determination of enzyme activities, immunological detection and purification of OAS-TL proteins'). After sonication for 3 min in ice water and centrifugation for 2 min at 25,000 x g, the supernatant was used for determination of protein concentration and OAS-TL activity.
Determination of the genotype by PCR
Genomic DNA was isolated according to Edwards et al. (1991) with minor modifications. The DNA was dissolved in 50 µl sterile water and 1 µl was used for PCR. To isolate genomic DNA from two-to three-week-old seedlings grown on plate, the protocol was adjusted to 100 µl extraction buffer and DNA was dissolved in 30 µl sterile water. For standard PCR using Taq DNA polymerase (NEB) the same primers as described in Heeg et al. (2008) were used, with the exception that the improved T-DNA specific LBb1.3 primer (5'-ATTTTGCCGATTTCGGAAC-3') was used instead of LB_SALK. 
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(50 mM Hepes-KOH pH 7.4, 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 10 % (v/v) glycerol, 10 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride (PMSF)) at room temperature and vigorous mixing for 15 minutes. After centrifugation at 25,000 x g for 10 min at 4 °C the supernatant was applied to a NAP5 column (GE Healthcare) that was equilibrated in resuspension buffer (50 mM Hepes-KOH pH 7.4, 1 mM EDTA). Proteins were eluted using 1 ml of resuspension buffer and protein concentrations as well as enzymatic activities were determined as described by Heeg et al. respectively. 30 µg of the extracted leaf proteins were separated by discontinuous SDS-PAGE and blotted on nitrocellulose membrane using a Mini-Protean II system (Bio-Rad).
Immunological detection of OAS-TL proteins using αOAS-TL C was done as described in Heeg et al. (2008) . Proteins of the OAS-TL family were isolated from leaves of nine-week-old plants grown on soil, separated by two-dimensional PAGE and identified by mass spectrometry as described in Heeg et al. (2008) .
Determination of metabolites and incorporation rates using 35 SO 4 2-or 3 H-labeled serine Hydrophilic metabolites were extracted from 50 mg leaf material from eight-week-old, soil grown plants as described by Wirtz and Hell (2003) . Derivatization, separation and quantification of thiols and OAS were performed as described by Heeg et al. (2008) . Incorporation rates of 35 S and 3 H-labeled serine into thiols in leaf pieces were determined as described by Heeg et al. (2008) and Haas et al. (2008) , respectively.
qRT-PCR (quantitative real-time PCR)
Expression of the genes encoding OAS-TL-like proteins was determined in rosette leaves of eight-week-old plants grown on soil. Total RNA was extracted from 50 mg grounded leaf material using the peqGOLD Total RNA Kit (Peqlab). On-column DNase treatment was done using the peqGOLD DNase I Digest Kit (Peqlab). Total RNA (2.5 µg) was reverse transcribed were used for immunological detection of OAS-TL proteins using an antiserum recognizing the major OAS-TL isoforms (Heeg et al., 2008) . Ponceau S-stained RUBISCO (large subunit) was used as loading control. B Total OAS-TL activity was determined for leaves from plants 
